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a b s t r a c t

A continuous concentration gradient flow electrical energy storage system is presented to store the
electricity generated by the renewable energy power, which consists of reverse osmosis, generating
concentrated salty streams under the external power input, and pressure retarded osmosis, extracting
electricity from the produced Gibbs free energy of mixing. The hybrid system is simulated on the module
scale under the perfect membrane assumption. The operation parameters that impact the overall per-
formance of the proposed system are systematically investigated. Results reveal that there exist optimal
reverse osmosis and pressure retarded osmosis operation pressures leading to a maximum round-trip
energy efficiency under given feed solution distribution factor. The distinct thermodynamically
limiting operation regimes are identified based on analytical calculation. In the feed limited regime (FLR),
a round-trip energy efficiency of 38.27% has been achieved, indicating its potential application of the
proposed energy storage system.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Along with the fast depletion of the fossil fuels and rapid
industrialization, the environment suffers much, such as global
warming and the extinction of the animals due to the climate
change [1]. Exploiting new and renewable energy paves a way to
alleviate such issues by decreasing the consumption of traditional
energy. Among them, power generated through solar and wind
energy has drawn increasing attention, which offers promising
candidates for electricity supply [2]. However, the intermittent
nature of the renewable energy sources could not guarantee a
stable output. A feasible solution is to apply electrical energy
storage system (EES) in the electricity grid, thus to balance the
energy output and our actual demand [3]. Up to now, 99% of the
worldwide large scale electricity storage is installed in pumper
hydroelectric system (PHS), which store and recover energy by
pumping water into elevated reservoir and by flowing water down
through a turbine [4]. The main limitation for PHS is the need for
appropriate geographical conditions and it could not be installed in
any place. Therefore, opportunity calls for EES is of low cost,
_liu@hust.edu.cn (W. Liu).
environmentally friendly, and can also be installed without the
terrain limitation.

A promising way for EES is to convert electricity into Gibbs
energy of the salty solutions and then extract energy through
concentration gradient technologies. As the salty solutions can be
made up by dissolving NaCl in to water, which could be obtained
easily, environmentally safe, and is of low cost. To produce high
concentrated salty solution, distillation technologies can be
applied, such as electrodialysis (ED) and reverse osmosis (RO)
which are driven by external power [5e9]. To extract electricity
from the produced concentrated solutions, pressure retarded
osmosis (PRO) and reverse electrodialysis (RED) can be employed.
In the PRO system, electricity is generated through water transfers
from the diluted solution to the concentrated solution thus to drive
a hydro turbine attached to a generator [10e13]. In the RED system,
the ion flux transfers from the concentrated solution to the diluted
one through the ion exchange membranes to produce electricity
[14e18].

RO is currently the most efficient widely adopted commercial
desalination technology, and as a bypass concentrated salty solu-
tions is produced [19]. The performance of RO technology is mainly
determined by the membrane properties and operating conditions.
Membrane with higher salt rejection and water permeability is
preferred [20]. To overcome the osmotic pressure difference, which
induces water transfer from the diluted solution to the
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concentrated one, the RO operates at higher pressure to maintain
that water pierce from the high concentration solution to the lower
one. To decrease the energy consumption, energy recovery device
(ERD) such as pressure exchanger is employed with efficiency up to
97%, which can decrease the energy consumed as much as to 60%
[21]. As one of the most promising technology to extract energy
from salty solutions, the power density and energy efficiency of
PRO is much higher than that of the RED [22]. Therefore, much
attentions have been drawn to studying and improving the per-
formance of the PRO systems [10]. As a membrane based technol-
ogy, the membrane properties play an important role in deterring
the performance. Membranes with high selectivity and large
permeability is appealing. Besides, proper operation pressure can
contribute to the power extracted [23].

Energy storage systems based on ED for charging and RED for
discharging have been discussed preliminarily in previous litera-
tures [24e26]. Kingsbury et al. [24] presented a rechargeable
electrodialytic battery system for electricity storage based on ED
and RED processes, where the cell stacks acted as an ED device and
a RED device periodically, whose round-trip energy efficiency
achieved 34%. Van Egmond [25] introduced a scalable energy
storage system which produces concentrated and dilute solutions
via an ED module and mixes these solutions to generate power
through a RED module. And the internal resistance and imperfect
membrane that impact the energy efficiency were researched. In
their later effort [26], energy efficiency of the EES system at
elevated temperatures was analyzed, and the impact of internal
resistance, water transport and co-ion transport on the charging
and discharging processes were systematically investigated.

In this work, we have proposed a concentration gradient flow
electrical energy storage system (CGF-EES) by employing RO for
“charging” process in the energy storage phase and PRO for “dis-
charging” process in the energy extraction phase. In the energy
storage phase, driven by the external power, solutions with iden-
tical concentration are changed into concentrated and diluted so-
lutions, respectively, which means the power is stored as the Gibbs
free energy of mixing, which is carried by the concentrated and
diluted solutions. In the energy extraction phase, due to the osmotic
pressure difference originating from different concentrations of the
produced solutions, water transfers through a semipermeable
Fig. 1. Diagrammatic sketch of the proposed hybrid CGF-EES system. This system include
extraction section (pressure retarded osmosis, PRO for short). In the energy storage section, d
meanwhile, the Gibbs free energy of mixing for the solutions is augmented. In the energ
produced salty streams to generate electricity through a hydro turbine and the attached el
membrane from the low concentration solution to the higher one,
thus to generate electricity by means of a hydro-turbine. At the end
of the process, the solutions out of the PRO system converges into
one stream and is stored in a tank, which is subsequently used in
the energy storage phase. Therefore, a closed CGF-EES is created.
This paper aims at studying the energy efficiency of the proposed
CGF-EES under different operational conditions. Major factors that
determine the performance were researched in detail. And the
optimal operation conditions have been obtained through the ge-
netic algorithm under the maximum round-trip energy efficiency.
In addition, we also investigated the working regimes of the pro-
posed EES, thus to provide a theoretical guidance to run the CGF-
EES. Finally, the practicability of the proposed electrical energy
storage system was discussed and some conclusions are drawn.

2. Model development and system description

A diagrammatic sketch of the proposed RO-PRO energy storage
system is depicted in Fig. 1, which includes a reverse osmosis (RO)
for energy storage via converting external power into the Gibbs free
energy of mixing, and pressure retarded osmosis (PRO) for elec-
tricity generation by transforming the stored energy into electricity.
During the RO process where eternal power is consumed, feed
solution gets concentrated and the permeate solution becomes
diluted as the water transfers through the membrane. Therefore,
the Gibbs free energy of mixing for the solutions increases. In the
electricity generation phase, the produced solutions flow into the
PRO subsystem to extract electricity. Originating from the differ-
ence of the osmotic pressure difference between different solutions
and the operation pressure, transmembrane water flux gets across
from the low concentration solution to the high concentration one
that is then separated and drives a hydro turbine, which a generator
is attached to, therefore electricity is generated.

For convenient illustration, we mark stream i as Si with Ti, Vi, Pi,
and Ci, respectively, representing its temperature, volume flow rate,
pressure and salinity. Three solution tanks (Tank1, Tank2 and Tank3)
bridge the energy storage and extraction stages. Stream S1 out of
Tank1 is separated into two different streams (S2 and S5) and then
come into the RO module. Driven by the pressure pump, the
pressure of Stream S4 is increased to the operation pressure after
s the energy storage section composed of a reverse osmosis system, and the energy
riven by the external power, streams with different NaCl concentrations are produced,
y extraction section, PRO module harvests the Gibbs free energy of mixing from the
ectricity generator. The stream i is denoted as Si for convenience.
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the pressure exchanger. The pump offers power needed for the RO
process. Streams S4 and S5 with the same concentration but
different pressure enter into the RO module. After the RO process,
concentrated solution (S7) and diluted solution (S6) are generated,
which are stored in Tank2 and Tank3, respectively. In order to
decrease the energy needed in the energy storage procedure and
augment its energy efficiency, an energy recovery device (pressure
exchanger) is placed before the RO module to recover the pressure
in the effluent stream of the RO system. In the electricity generation
phase, Stream S9 out of Tank2 and Stream S11 out of Tank3 run into
the PRO module with pressure exchanger. After the PRO process,
the effluent feed solution S12 separates into stream S13 and S14, S14
goes into the pressure exchanger to exchange pressure with S9. S13
then drives the hydro turbine and is then depressurizedmeanwhile
electricity is generated. The solutions out of the PRO module con-
verges into S18, and then is stored in Tank1 for energy storage phase.
Therefore, a closed electrical energy storage system is constructed.
The properties (volume flowrate, concentration, and pressure) of
each stream are listed in Table 1.
2.1. Energy storage section

S2 and S5 enter the RO module where water transfers through
the semipermeable membrane to engender concentrated and
diluted solutions. The operation pressure (DPRO) should be larger
than the difference of the osmotic pressure (Dp) to ensure the
process. The transmembrane water flux, DVRO, equals to the
decrease of volume flow rate of the feed solution. And The trans-
membrane water fraction, xRO, can be defined as the percentage of
the water flux across the semipermeable membrane on the inlet
flow rate of the feed solution

xRO ¼ DVRO=V2 (1)

where V2 is the inlet volume flow rate of the feed solution of the RO
module with pressure exchanger. As Stream 2 is a part of stream S1,
we define a parameter a as the feed solution distribution factor.
Thus we have V2 ¼ aV1. Ignoring the density changes of the salty
solutions, the volume flow rate and concentration of the effluent
Table 1
Details of the flow streams in the schematic diagram of the RO-PRO hybrid system as
presented in Fig. 1. Definition of the symbols can be found in the nomenclature.

Stream Number Volume Flowrate Concentration Pressure

1 V1 C1 P0
2 aV1 C1 P0
3 aV1 C1 DPRO þ P0
4 aV1 C1 DPRO þ P0
5 ð1� aÞV1 C1 P0
6 ð1� aþ axROÞV1 1�a

1�aþaxRO
C1 P0

7 ð1� xROÞaV1 C1
1�xRO

DPRO þ P0

8 ð1� xROÞaV1 C1
1�xRO

P0

9 ð1� xROÞaV1 C1
1�xRO

P0

10 ð1� xROÞaV1 C1
1�xRO

DPPRO þ P0

11 ð1� aþ axROÞV1 1�a
1�aþaxRO

C1 P0

12 ð1þ xPROÞð1� xROÞaV1 C1
ð1�xROÞð1þxPROÞ

DPPRO þ P0

13 xPROð1� xROÞaV1 C1
ð1�xROÞð1þxPROÞ

DPPRO þ P0

14 ð1� xROÞaV1 C1
ð1�xROÞð1þxPROÞ

DPPRO þ P0

15 xPROð1� xROÞaV1 C1
ð1�xROÞð1þxPROÞ

P0

16 V1 � ð1þ xPROÞð1� xROÞaV1 ð1�aÞC1

1�ð1�xROÞð1þxPROÞa
P0

17 ð1� xROÞaV1 C1
ð1�xROÞð1þxPROÞ

P0

18 V1 C1 P0
feed solution are given by V7 ¼ ð1� xROÞaV1 and C7 ¼ C1
1�xRO

,

respectively. The effluent volume flowrate and concentration of the
permeate solution are V6 ¼ ð1� aþ axROÞV1 andC6 ¼ 1�a

1�aþaxRO
C1,

respectively.
Here we define a parameter: energy efficiency, hRO, indicating

the ratio between the increase of the Gibbs free energy of mixing
and the external energy required, which can serve as a criterion
evaluating the performance of the ROmodule in the energy storage
phase.

hRO ¼ DGRO

WRO
¼ DGRO;out � DGRO;in

WRO
(2)

where Gibbs free energy of mixing (DG) can be expressed as [27].

DG ¼ 2RT
�
VHCH ln

CH
CT

þ VLCL ln
CL
CT

�
(3)

where CT is the concentration of the mixed concentrated and
diluted solutions. According to Eq. (3), the variation of the Gibbs
free energy after the RO process is

DGRO ¼ vRTV1C1

�
a ln

�
1

1� xRO

�
þ ð1� aÞln

�
1� a

1� aþ axRO

��

(4)

In order to improve the energy efficiency, a pressure exchanger
with pressure recovery efficiency hERD is installed to recover the
pressure of the effluent feed solution. The external energy
consumed during the RO process is given by Refs. [28,29].

WRO ¼ DPROðV4 � hERDV5Þ ¼ DPROaV1½1� hERDð1� xROÞ� (5)

Therefore, the energy efficiency in the RO process is

hRO ¼ DGRO

WRO
¼

vRTC1
h
a ln

�
1

1�xRO

�
þ ð1� aÞln

�
1�a

1�aþaxRO

�i
DPROa½1� hERDð1� xROÞ�

(6)
2.2. Energy extraction section

Streams S9 and S11 with different concentrations of NaCl flow
into the PRO module. A pressure exchanger is installed to exchange
the low pressure of influent solution and the high pressure of the
effluent solution (S9) to produce a high pressure of S10. Due to the
osmotic effect, an amount of water DVPRO transfers from the
permeate solution to the feed one in the RO process. We define a
transmembrane water fraction parameter xPRO ¼ DVPRO=V10 for the
PRO process. A part of the effluent of the feed solution, which
equals to the transmembrane water flux, enter the hydro turbine to
provide electricity

WPRO ¼ DPPROxPROV10 ¼ DPPROxPROð1� xROÞaV1 (7)

where DPPRO is the operation pressure of the PRO module.
The energy efficiency of the PRO system can be defined by the

energy output and the Gibbs free energy input [30]:

hPRO ¼ WPRO

DGPRO
¼ DPPROxPROð1� xROÞa

vRTC1
h
a ln

�
1

1�xRO

�
þ ð1� aÞln

�
1�a

1�aþaxRO

�i (8)



Fig. 2. Impacts of the RO operation pressure on the energy efficiency (a), power (b),
and transmembrane water flux and its fraction (c) of the hybrid RO-PRO system and its
subsystems, where the feed solution distribution factor in the RO system is 0.9 and the
PRO operation pressure is fixed at 1MPa.
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2.3. Energy efficiency of the concentration gradient energy storage
system

Analysis of the aforementioned energy storage and electricity
generation procedures illustrates that hybrid electrical energy
storage generation system stores external power and then reclaims
electricity with the round-trip energy efficiency given by:

hTotal ¼
WPRO

WRO
¼ DPPROxPROð1� xROÞaV1

DPROaV1½1� hERDð1� xROÞ�

¼ DPPROxPROð1� xROÞ
DPRO½1� hERDð1� xROÞ�

¼ DG
WRO

WPRO

DG
¼ hROhPRO (9)

3. Performance analysis of the concentration gradient energy
storage system

3.1. Sensitivity analysis of the concentration gradient energy
storage system

Based on aforementioned analysis, the parameters that affect
the proposed RO-PRO system mainly consist of the RO operation
pressure (DPRO) and PRO operation pressure (DPPRO), and the feed
solution distribution factor (a). Therefore, we conduct a systematic
investigation on their impacts on the performance of the RO-PRO
system to give a preliminary insight into its overall performance.
In the analysis, the volume flow rate, temperature, and concen-
tration of the mainstream are fixed.

Fig. 2 shows the impacts of RO operation pressure on the per-
formance of the proposed RO-PRO energy storage system and its
subsystems. We can see that the energy efficiency of the RO, PRO
and the proposed RO-PRO system all increase with increasing RO
operation pressure at first, reach their maximum value, then
decrease. There exist optimal RO operation pressures leading to the
maximumvalues of the RO, PRO and round-trip energy efficiencies,
respectively, as shown in Fig. 2(a). The optimal RO operation
pressure leading to the maximum RO energy efficiency is less than
that corresponding to the maximum value of the PRO energy effi-
ciency. As depicted in Fig. 2(b), the work consumed by the RO
system, the increase of the Gibbs free energy in the energy storage
stage (RO process), and the power output in the energy extraction
process increase with increasing RO operation pressure. At lower
RO operation pressures, the increase of the Gibbs free energy is
more obvious than that of the work consumed. Therefore, the RO
energy efficiency increases. At larger RO operation pressures, the
work consumed in the RO process increases much more dramati-
cally. Whereas, the increase of the Gibbs free energy is much slow.
Therefore, the RO energy efficiency decreases. The transmembrane
water flux of the RO and PRO system increases nearly linearly with
increases RO process, as shown in Fig. 2(c). Larger transmembrane
water flux of the RO system leads to less volume flow rate of the
inlet flow rate of the feed solution in PRO system. According to its
definition, the transmembrane water fraction of the PRO system
increases dramatically at higher RO operation pressures. The power
output of the PRO system is the product of the transmembrane
water flux and the PRO operation pressure, power output exhibits
the same trend with the transmembrane water flux. As illustrated
in Fig. 2(b), at larger RO operation pressures, the inlet Gibbs free
energy of the PRO system increases much obviously, the energy
efficiency of the PRO system decreases. Therefore, the PRO energy
efficiency has a maximum value, and so does the round-trip energy
efficiency of the hybrid RO-PRO system, as shown in Fig. 2(a).

Fig. 3 shows the impacts of PRO operation pressure on the
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performance of the proposed RO-PRO energy storage system and its
subsystems. We can see that the performance specifications of the
RO system are not impacted by the downstream PRO system as
shown in the schematic diagram of the RO-PRO system. As shown
in Fig. 3(a), the energy efficiency of the PRO system increases with
increasing PRO operation pressure first, reaches its maximum
value, then decreases. There exists an optimal PRO operation
pressure leading to the maximum PRO energy efficiency. As the
round-trip energy efficiency is multiplatinum of the RO and PRO
energy efficiencies, it also presents a maximum value. The optimal
PRO operation pressure leading to the maximum PRO energy effi-
ciency coincides with that leading to the maximum value of the
maximum round-trip energy efficiency. As depicted in Fig. 3(b), the
power output in the energy extraction process first increases with
increasing PRO operation pressure, reaches its maximum value,
then decreases. It exhibits the same trend with the PRO energy
efficiency due to the fact that the transmembrane water flux of PRO
system decreases with increasing PRO operation pressure (see
Fig. 3(c)). Thereby there exists an optimal PRO operation pressure
leading to the maximum value of the output power based on Eq.
(7).

Fig. 4 shows the impacts of the feed solution distribution factor
on the performance of the proposed RO-PRO energy storage system
and its subsystems. We can see that the energy efficiency of the RO,
PRO and the proposed RO-PRO system all increase with increasing
the feed solution distribution factor (a), and more obviously at
larger values of a as shown in Fig. 4(a). As depicted in Fig. 4(c), the
transmembrane water flux increases with increasing a, reaches its
maximum value, then decreases. According to Eq. (6), the power
consumed in the RO system presents the same trend with the
transmembrane water flux, which increases with increasing a,
reaches its maximumvalue, then decreases. There exists an optimal
a leading to the maximum power consumed in the RO process as
shown in Fig. 4(b). As the Gibbs free energy in the energy storage
stage increase with increasing a, and decreases slightly when a

near 1, the energy efficiency of the RO system increases with
increasing a. Based on Eq. (8), the power output in the PRO process
exhibits the same trend with transmembrane water flux, which
increases with increasing a, as shown in Fig. 4(b). Therefore, a large
a contributes to the system overall performance.
Fig. 3. Impacts of the PRO operation pressure on the energy efficiency (a), power (b),
and transmembrane water flux and its fraction (c) of the hybrid RO-PRO system and its
subsystems, where the feed solution distribution factor in the RO system is 0.9 and the
RO operation pressure is fixed at 1.8MPa.
3.2. Optimal conditions of the concentration gradient energy
storage system

Genetic algorithms (GAs) have been widely used in science and
engineering as adaptive algorithms for solving non-linear optimi-
zation problems [31,32]. According to the aforementioned analysis,
there exists a maximum round-trip energy efficiency, which cor-
responds to optimal RO and PRO operation pressures under given
feed solution distribution factor. In this work, with the maximum
round-trip energy efficiency as the objective function, the GA
method is employed to obtain optimal parameters for the proposed
RO-PRO system for different mainstream flow rates (V1), such as for
the optimization of the operation pressures of RO and PRO systems.
In the optimization process, the population size is 200. Number of
generations is 50. The other parameter setting uses the default
values in the GA tool implemented in the MATLAB software such as
that crossover ratio is 0.8 the mutation ratio is 0.2. The convergence
criteria is 10�6. The flowchart for the optimization process is pre-
sented in Fig. 5.

As shown in Fig. 6, the optimal RO and PRO operation pressures
decrease with increasing mainstream volume flow rate. The
transmembrane water flux of the RO system increases with



R. Long et al. / Energy 152 (2018) 896e905 901
increasing mainstream volume flow rate, and that of the PRO sys-
tem first increases, reaches its maximum value, then decreases. As
the inlet flow rate increases more obviously than the trans-
membrane water flux, the transmembrane water rate decreases
with increasing mainstream volume flow rate. According to Eq. (6),
the power consumed in the RO process increases with increasing
mainstream volume flow rate obviously at first, then much more
slowly, due to the decrease of the RO operation pressure, as shown
in Fig. 6(c). The power output in the PRO system presents the same
trend as the transmembrane as the variation of the transmembrane
water is much larger than the pressure change as depicted in
Fig. 6(b). Meanwhile, the stored the Gibbs free energy of mixing
first increasewith increasingmainstreamvolume flow rate, reaches
its maximum value, then decreases. Therefore, the maximum
round-trip energy efficiency and its corresponding RO energy effi-
ciency and PRO energy efficiency all decrease with increasing
mainstream volume flow rate as shown in Fig. 6(d). The round-trip
energy efficiency of the proposed system reaches 38.27% when the
mainstream volume flow rate is 6 L/min.
4. Operation regimes of the hybrid RO-PRO system

The driving force of the RO process is the difference of the
applied hydraulic pressure and the osmotic pressure difference. As
the RO process precedes, the pressure difference decreases due to
the increase of the osmotic pressure difference. The trans-
membranewater flux vanishes when DPRO � Dp ¼ 0, indicating the
maximum transmembrane water fraction is achieved under the
given applied hydraulic pressure. Therefore, we have

DPRO ¼ Dp ¼ vRTC1

�
1

1� xRO
� 1� a

1� aþ axRO

�
(10)

By solving Eq. (10), we have

xRO ¼ ð2a� 1ÞDPRO� � 1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðDPRO� þ 1Þ2 � 4aDPRO�

q
2aDPRO�

(11)

where DPRO� ¼ DPRO
vRTC1

indicates the dimensionless operation pres-

sure of the RO device. Eq. (11) is the maximum transmembrane
water fraction, which depends on the dimensionless operating
pressure and the feed solution distribution factor.

Similarly, the driving force of water transfer in the PRO process
is the difference of the osmotic pressure difference and the applied
hydraulic pressure. As the PRO process precedes, the pressure dif-
ference decreases due to the decrease of the osmotic pressure dif-
ference. The process is terminated when Dp� DPPRO ¼ 0 and no
water flux can be transferred from the low concentration side to the
high concentration side. The concentrations of the effluent solu-
tions of the PRO system are

C10 ¼ C1
ð1þ xPROÞð1� xROÞ

(12)

C16 ¼ ð1� aÞC1
ð1� aþ axROÞ � xPROð1� xROÞa

(13)

The process stops as DPPRO ¼ vRTðC10 � C16Þ. Therefore
Fig. 4. Impacts of the feed solution distribution factor on the energy efficiency (a),
power (b), and transmembrane water flux and its fraction (c) of the hybrid RO-PRO
system and its subsystems, where the RO and PRO operation pressures are fixed at
1.8MPa and 1MPa, respectively.
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Fig. 5. Flowchart of the optimization process.
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DPPRO ¼ vRTC1

�
1

ð1þ xPROÞð1� xROÞ

� ð1� aÞ
ð1� aþ axROÞ � xPROð1� xROÞa

�
(14)

By solving Eq. (14), we have the critical transmembrane water
fraction of the PRO process

xPRO ¼ ð1� 2aþ 2axROÞDPPRO� þ 1�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðDPPRO� þ 1Þ2 � 4aDPPRO

q
2aDPPROð1� xROÞ

(15)

Where DP*PRO ¼ DPPRO
vRTC1

indicates the dimensionless operation pres-

sure of the PRO device. And the maximum transmembrane water
fraction of the PRO system depends on that of the RO system.

Therefore, the energy efficiencies for the RO module, PRO
module, and the RO-PRO module are respectively, rewritten as
hRO ¼
a ln

�
1

1�xRO

�
þ ð1� aÞln

�
1�a

1�aþaxRO

�
DP*ROa½1� hERDð1� xROÞ�

(16)

hPRO ¼ DP*PROxPROð1� xROÞa
a ln

�
1

1�xRO

�
þ ð1� aÞln

�
1�a

1�aþaxRO

� (17)

hTotal ¼
DP*PROxPROð1� xROÞ

DP*RO½1� hERDð1� xROÞ�
(18)

Fig. 7 shows the transmembrane water fraction of the RO and
PRO system as a functionwith the mainstream volume flow rate. At
lower flow rates, the membrane areas of the RO and PRO devices
are sufficient for the water to pierce through. That is to say the feed
solution is insufficient. The RO-PRO system operates in the FLR
(feed limited regime). The transmembrane water fractions can be
analytically calculated based on Eqs. (11) and (15). When the
mainstream volume flow rate become larger, the RO membrane



Fig. 6. Optimal RO and PRO operation pressure (a), transmembrane water flux and it fraction (b), power (c) and the system energy efficiency and its subsystem energy efficiency (d),
under the optimization for the round-trip energy efficiency as a function of the mainstream volume flow rate under given feed solution distribution factor (a ¼ 0:95).

Fig. 7. Transmembrane water fraction of the RO and PRO system as a function with the
mainstream volume flow rate. For comparison, those under the FLR limits are also
plotted base on Eqs. (11) and (15).

Fig. 8. Energy efficiency of the RO and PRO and the RO-PRO system as a function with
the mainstream volume flow rate. For comparison, those under the FLR limits are also
plotted based on Eqs. (16)e(18).
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area is sufficient but the PRO membrane area is insufficient. The
transmembranewater fraction of the RO process can be analytically
obtained whereas that of the PRO process cannot. This indicates
that the RO-PRO operates in the transition regime (TR). At larger
flow rates, the transmembrane water fractions both in the RO and
PRO processes could not be analytically derived. It means that the
RO-PRO system operates in the FSR (feed sufficient regime). In the
FLR regime, the energy efficiency of the RO, PRO and RO-PRO sys-
tem can be derived analytically based on Eqs. (16)e(18). The
accordance of the simulation and the analytical results is depicted



Fig. 9. Concentration profiles of the RO and PRO system under different operation
regimes.
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in Fig. 8.
For specific numerical cases, the concentration profiles under

three different operating regimes are plotted in Fig. 9. In the FLR
regime (i.e. for V1¼6 L/min), in the RO process, the concentration
of the feed solution increases first, reaches its maximumvalue, then
stays stable. The concentration of the permeant solution decreases
first, reaches its minimum value, then stays stable; In the PRO
process, the concentration of the feed solution decreases and that
of the permeant solution increases, finally they reach their mini-
mum or maximum value and stay unchangeable. In the transition
regime (i.e. for V1¼18 L/min), in the RO process, the concentration
of the feed and permeate solutions present the same trend with
those in the FLR regime. In the PRO process, the concentration of
the feed solution decreases while that of the permeant solution
increases. In the FSR regime (i.e. for V1¼54 L/min), in the RO pro-
cess, the concentration of the feed solution increases and that of the
permeant solution decreases. In the PRO process, the concentration
of the feed and permeate solutions present the same trend with
those in the transition regime.
5. Conclusions and implications

The intrinsic low energy conversion efficiency and high energy
dissipation hinder the efficient conversion of the energy storage
systems. In present paper, a closed-loop hybrid electrical energy
storage system consisting of a RO module and PRO module is
constructed. For actual demand, the energy conversion efficiency is
a critical performance objective that affects the feasibility of the
energy storage system. In present study, the round-trip energy ef-
ficiency of the proposed system reaches 38.27% when working
under the optimal conditions. As an efficiency of 30% could serve a
criteria for possible commercial utilization [25], here the proposed
energy storage system shows its advantage for potential utilization.
In addition, the thermodynamic limit of the round-trip energy ef-
ficiency has also been investigated. Furthermore, for further com-
mercial applications, a detailed cost-benefit analysis should be
conducted on the system scale to inform the economic viability of
the proposed hybrid electricity generation system [33].
Acknowledgements

We acknowledge the support received from the National Nat-
ural Science Foundation of China (51706076, 51736004).
Nomenclature

Si Stream i
Ti Temperature of stream i (K)
Vi Volume flow rate of stream i (L/min)
Pi Pressure of stream i (MPa)
Ci Concentration of stream i (mol/m3)
DP Operation pressure (MPa)
Dp Osmosis pressure difference (MPa)
DV Transmembrane water flux (L/min)
DG Gibbs free energy of mixing (W)
W Power (W)

R Gas constant (8:314J,mol�1,K�1 )
A Area m2

L Length m
Jw Water flux (L=ðmin$m2Þ)
Greek Symbols
a Feed solution distribution factor
x Transmembrane water fraction
h Energy efficiency
Subscripts
out Outlet
in Inlet
F Feed flow
P Permeate flow
Total Hybrid system
1e18 States in the system
Superscripts
0 Initial state
* Dimensionless
Abbreviations
RO Reverse osmosis
PRO Pressure retarded osmosis
EES Electrical energy storage system
PHS Pumper hydroelectric system
ED Electrodialysis
RED Reverse electrodialysis
CGF-EES Concentration gradient flow electrical energy storage
ERD Energy recovery device
GA Genetic Algorithm
FLR Feed limited regime
TR Transition regime
FSR Feed sufficient regime
Appendix. Modelling the Mass Transfer Characteristics in the
EES System

A1. Modelling the RO process

The mass transfer characteristics in the RO process are listed as
below:

dVFðxÞ
dx

¼ �ARO

LRO
Jw;ROðCF ;CPÞ (A1)

dVPðxÞ
dx

¼ ARO

LRO
Jw;ROðCF ;CPÞ (A2)



R. Long et al. / Energy 152 (2018) 896e905 905
CFðxÞ ¼ C0
F V

0
F

.
VFðxÞ (A3)

CPðxÞ ¼ C0
PV

0
P

.
VPðxÞ (A4)

where Jw;RO ¼ AROðDPRO � DpðxÞÞ and ARO is the water permeability
of the RO. Eqs. (A1) and (A2) are for the water transfer driven by
pressure difference between the external applied pressure and the
osmotic pressure difference. For simplicity, the difference of the
concentrations on the membrane interface and the main solution is
negligible, hence Eqs. (A3) and (A4) manifest the relation between
the volume flow rate and the concentration based perfect mem-
brane assumption that no ions pierce through the semipermeable
membrane. The distributions of the volume flow rate and concen-
tration along the flow direction can be calculated by solving the
governing mass transfer Eqs. (A1) to (A4) based on four order
Runge-Kutta method with the boundary conditions:

VFð0Þ ¼ aV1; VPð0Þ ¼ ð1� aÞV1; CFð0Þ ¼ CPð0Þ ¼ C1 (A5)

A2. Modelling the PRO process

According to the previous literatures, the control equations
illustrating the mass transfer characteristics in the PRO process are
listed as below [34]:

dVFðxÞ
dx

¼ APRO

LPRO
Jw;PROðCF ;CPÞ (A6)

dVPðxÞ
dx

¼ �APRO

LPRO
Jw;PROðCF ;CPÞ (A7)

CFðxÞ ¼ C0
F V

0
F

.
VFðxÞ (A8)

CPðxÞ ¼ C0
PV

0
P

.
VPðxÞ (A9)

where Jw;PRO ¼ APROðDpðxÞ � DPPROÞ and APRO is the water perme-
ability of the PRO. Eqs. (A6) and (A7) are for the mass transfer
driven by pressure difference between the osmotic pressure and
the external applied pressure. Eqs. (A8) and (A9) manifest the
relation between the volume flow rate and the concentration based
perfect membrane assumption. The distributions of the volume
flow rate and concentration along the flow direction can be
calculated by solving the governing mass transfer Eqs. (A6) and
(A7) based on four order Runge-Kutta method with the boundary
conditions:

VFð0Þ ¼ V9; VPð0Þ ¼ V11; CFð0Þ ¼ C9; CPð0Þ ¼ C11 (A10)
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